Abstract: Few studies have investigated the neural systems involved in decreasing behavioral reactivity to emotional stimuli as children age. It has been suggested that this process may interact with temperament-linked variations in neurodevelopment to better explain individual differences in the maturation of emotion regulation. In this investigation, children ages 4 to 12 (n 5 30, mean age 5 7.62 years, SD 5 1.71 years) and adults (n 5 21, mean age 5 26.67 years) watched clips from popular children's films containing positive, negative, or neutral emotional content during functional magnetic resonance imaging. Compared to adults, children demonstrated greater activation in subcortical and visual regions (hippocampus, thalamus, visual cortex, fusiform) during negative clips and greater activation of subcortical and prefrontal regions during positive clips (hippocampus, thalamus, caudate, ACC, OFC, superior frontal cortex). In children only, we found an age by temperament interaction in frontal and subcortical regions indicating that activation increased as a function of age in the most irritable children, but decreased as a function of age in the least irritable children. Findings were not present in the temperament domain of fear. Findings replicate and extend the existing irritability literature, indicating that healthy children highest in irritability may develop comparatively greater activation of the lateral prefrontal cortex in order to support adaptive regulation during emotional challenges. These results are discussed within the context of the emerging literature on the utility of complex, multidimensional, and naturalistic stimuli, which present a complementary alternative to understanding ecologically valid and sustained neural responses to emotionally evocative stimuli. Hum Brain Mapp 38:5307-5321, 2017.
INTRODUCTION
Commonly observed in child development is the transition from heightened emotional reactivity to a more "adult-like" perception of emotional events. This perception gradually becomes less overtly reactive through the hypothesized development of regulatory mechanisms. For example, a 4-year-old child may become particularly emotionally reactive when watching a scary children's movie, closing their eyes or even crying in response to fearinducing events. Meanwhile, their older sibling or parent might also recognize the fearful emotional content of the scene, but would be much less likely to have an overt affective reaction or equal internal emotional discomfort.
Though some investigations have examined emotional neural systems comparing children or adolescents to adults Perlman and Pelphrey, 2011; , few have probed whole-brain developmental changes that may occur incrementally across early to late childhood. The current study was designed to investigate the neural substrates underlying developmental change in affective reactivity by identifying isolated neural regions that differ between adults and children, but also change across childhood, in relation to positive, negative, or neutral emotional content. We employed movie clips from popular children's movies in order to investigate sustained neural response to emotional content in an ecologically-valid manner.
Although it is regularly noted that children perceive emotional content differently as they age [Campos et al., 1989; Camras and Allison, 1985; Chung and Thomson, 1995; De Sonneville et al., 2002] , few studies have investigated the neural underpinnings of emotional reactivity across development. One study investigated neural reactivity during the viewing of posed emotional facial expressions ], finding more amygdala reactivity when viewing emotionally neutral faces in 11-year-old children compared to adults, who had more subcortical reactivity when viewing fearful faces. The authors attribute these findings to differential perception of emotional information between adults and children. Silvers et al. [2012] showed healthy adults and children (ages 10-23) emotionally negative scenes, asking them to either process the image uninstructed (the reactivity condition) or cognitively reappraise their emotions (the regulation condition). The authors reported that subjective reactivity did not change as a function of age, but that subjects reported steady improvement in regulation abilities between 10 and 16 years of age, which leveled off in the adult period. A functional neuroimaging version of this task found no age-related brain changes underlying reactivity, but linear age-related increases in activation in the ventrolateral prefrontal cortex (VLPFC) during the regulation condition. These studies, pointing to increased neural regulation across age, however, did not investigate children younger than the age of 10, before which both emotional behavioral and brain reactivity may not have stabilized. In one of the few neuroimaging investigation of developmental changes in affective reactivity across early to middle childhood, Perlman and Pelphrey [2011] found that children and adults displayed differing patterns of anterior cingulate cortex (ACC) and amygdala activation during a frustration induction task. Further, functional ACC-amygdala connectivity increased as a function of age during this task, which the authors hypothesized to underlie regulatory processes by which children may lower their emotional reaction to a blocked goal.
A second variable that is likely related to a child's neural reactivity to emotional information is temperament.
Temperament, which is thought to have a biological basis [Kagan, 1989] , is a set of stable personality traits [Guerin and Gottfried, 1994; Pedlow et al., 1993; Rothbart et al., 2000] , which encompass both reactivity and regulation [Rothbart and Posner, 1985] . That is, children who are highest in the most emotionally reactive dimensions of personality may be particularly vulnerable to heightened response resulting from affectively charged stimuli. Evidence for a neural basis of emotional reactivity based on temperament comes from two separate, but related, lines of research, each investigating a different temperamental dimension. First, research in behavioral inhibition, stemming from the fear/anxiety dimension of temperament, has an over 20-year history of linking variability in this construct to underlying neural circuitry in both the human and animal literature [Fox et al., 2005; Kalin et al., 1998; Schwartz et al., 2003] . Much of this research has found differential activation of the amygdala and other subcortical regions to tasks involving emotionally evocative stimuli as a developmental predictor of heightened anxiety and social withdrawal [Guyer et al., 2006; Perez-Edgar et al., 2007; Perlman and Pelphrey, 2010] . More recent investigations in the emerging literature on the temperamental domain of irritability examine neural substrates of variability in the anger/frustration dimension of temperament [Leibenluft, 2017] . This research has found differential activation of the anterior cingulate cortex (ACC), medial and lateral prefrontal cortices, orbitofrontal cortex (OFC), and subcortical regions as a function of irritability in both normative and clinical populations [Deveney et al., 2013; Grabell et al., 2017; Perlman et al., 2014a Perlman et al., , 2015 .
It follows that separable neural circuitry underlying distinct domains of temperament may interact with agerelated changes in neurodevelopment to predict reactivity to emotional stimuli. Previous work in our own laboratory [Perlman and Pelphrey, 2010] found an age by temperament interaction in 5-to 11-year-old children. During a frustration paradigm, increased activation of the dorsal, compared to the ventral, ACC was positively correlated with age. The dorsal/ventral division of this region has been previously hypothesized to map to cognitive versus emotional processes, respectively [Bush et al., 2000] . In contrast, increased activation of the ventral, compared to the dorsal, ACC was positively correlated with fearful temperament, indicating that as children age, they may use this region more effectively during emotion regulation, but that fearful temperament may counteract this process. This and other studies finding interactions in behavioral development [Dettling et al., 1999; Stansbury and Harris, 2000; Wolfe and Bell, 2007] suggest a complex neurodevelopmental age by temperament relationship that remains poorly understood in the emotional development literature.
One challenge in understanding the complex relationship between age and temperament in the development of emotion processing and regulation is the nature of common experimental stimuli. The majority of brain imaging investigations of emotional development present stimuli in a single modality with reduced complexity, such as simple images Perlman et al., 2014b; ], text [Posner et al., 2011] , or sounds [Blasi et al., 2011] . To allow for maximum impact and control on the stimulation of neural systems, these stimuli are presented in a static, rather than dynamic, visual, or auditory form lasting for a few seconds or milliseconds rather than a sustained duration. Further, stimuli are generally presented in a directed nature with instructions for a subject to attend to specific aspects of the stimulus or perform a goal directed task [McLaughlin et al., 2015; Perez-Edgar et al., 2007; Perlman and Pelphrey, 2010] . Finally, in an attempt to generalize across all ages, stimuli are often "ageless" in nature (e.g. emotional words; [Kennedy et al., 2006] ), social images assumed to evoke similar responses across development (e.g. facial expressions posed by adults or children; ), or the most child appropriate versions of stimuli developed for adult subjects (e.g. emotional scenes with violent imagery removed; [McLaughlin et al., 2014] ). Thus, the very stimuli that are usually employed to examine the development of complex emotional brain systems are often so simple in nature that they fail to take into account the diversity of the child's multifaceted social experience. This may be critical to engaging intricate emotional brain circuitry [Zaki and Ochsner, 2009 ] that may mature incrementally across development and/or as a function of temperament. Some recent investigations have stepped away from a reductionist approach, instead employing more complex and ecologically valid stimuli [Bartels and Zeki, 2004; Cantlon and Li, 2013; Hasson et al., 2009; Pantelis et al., 2015; Redcay et al., 2010] . Cantlon and Li [2013] , for example, used unedited clips from the children's show Sesame Street during natural, uninstructed, viewing. The authors found separable neural networks that became more "adult like" as children aged. Activation in the intraparietal sulcus (IPS) and Broca's area, matured to better resemble adult subjects during short clips introducing the constructs of numbers and letters respectively. Most importantly, activation resulting from this natural viewing paradigm, compared to a traditional fMRI numerical processing task, was more closely related to children's performance on a separate math test. This implies that natural and ecologically-valid paradigms, more typical to what children experience in daily life, might be better suited to predict real-world behavior in the cognitive, but also possibly the emotional, domain.
The aims of our study were twofold. First, we sought to characterize the development of emotional neural systems in 4-to 12-year-old children. Subjects watched short video clips from popular children's movies that were selected to be emotionally positive or negative in nature. We examined child whole-brain activation of the emotional clips, and comparison nonemotional nature clips, both in contrast to an adult sample and as a function of age. Second, because of the noted variability in experience of emotionally salient environmental stimuli across children, we examined child whole-brain activation during emotional clips as a function of temperament. We hypothesized significant main effects of both age and temperament during affective processing, but also an age by temperament interaction in the neural circuitry supporting both negative and positive emotion processing.
MATERIALS AND METHODS
This study was approved by the institutional review board (IRB) of the University of Pittsburgh.
Participants
Thirty-six child participants with no personal history of psychiatric diagnosis were recruited from the community via online and paper flyers and participant databases. Child participants were ages 4-12 years (mean 5 91.41 months, SD 5 20.53 months). We chose this age range because it represents the full spectrum of childhood (e.g. early childhood to puberty) but also represents considerable change in overt emotional reaction to negative emotional stimuli. The number of child subjects in the sample representing each year of age was largely uniform (see age distribution in Fig. 4 ). The sample included 16 male/20 female children; 70% Caucasian/22% African American/ 8% Asian. One child (3%) self-identified as Hispanic ethnicity. Child participants had no history of schizophrenia, autism spectrum disorders, mental retardation or bipolar disorder in any first degree relatives or depression, anxiety disorders, ADHD, disruptive behavior disorders, or eating disorders for any first-degree relatives during the lifetime of the child. Parents/guardians provided written informed consent, and youth provided assent prior to study participation.
Twenty-one adult participants with no history of psychiatric diagnosis were also recruited from the community. Adults ranged in age from 20 to 44 (mean5 26.67 years, SD 5 5.08 years), were 11 male/10 female, and 71% Caucasian/19% African American/10% Asian. Exclusion criteria for both adult and child subjects included severe systemic medical illnesses, neurological disorders, history of head trauma with loss of consciousness, use of medications that may produce CNS effects (e.g. steroids), and being unable to complete tasks in English. Additional exclusion criteria for scanning purposes included claustrophobia, metal objects in the body, and/or pregnancy. All participants received monetary compensation. Child participants received a small prize, and a framed picture of their structural neuroimaging scan [Perlman, 2012] . Recruitment goals were based on the effects of Cantlon and Li [2013] who completed a similar study of cognitive development. Based on their results, we determined that we would recruit at least 30 child and 20 adult participants as well as eight clips of each emotion to detect a similar effect.
Temperament Assessment
Parents/guardians of the child participants completed the Child Behavior Questionnaire (CBQ)-Long Form [Rothbart et al., 2001] , an experimentally validated and commonly used caregiver assessment of 15 dimensions of children's temperament. Estimates of internal consistency across the full questionnaire have ranged from Cronbach's a 5 0.67-0.94 [Ahadi et al., 1993; Kochanska et al., 1994; Rothbart et al., 2001] . Our hypotheses focused on the Anger/Frustration subscale, which we have used in our previous research as a measure of irritable temperament [Perlman et al., 2014a] , and the Fear subscale, which we have used in our previous research as a measure of anxious temperament [Perlman and Pelphrey, 2010] . In our own sample, estimates of internal consistency were a 5 0.70 and 0.83 for the Anger/Frustration and Fear subscales, respectively, which is considered acceptable. We note that, in order to avoid translating across multiple scales, all subjects completed the Child Behavior Questionnaire (CBQ) rather than the Temperament in Middle Childhood Questionnaire (TMCQ), which can measure temperament in children over the age of 7. We have employed this technique in our past investigations [Perlman and Pelphrey, 2010] .
The KidVid fMRI Task
The KidVid task consisted of a 17-min natural viewing paradigm in which both adults and children watched clips of positive, negative, and neutral emotional videos. Individual clips ranged from 19 to 46 s (mean 5 31.1 s). Clips were edited together into a single continuous video, interleaved with a black screen jittered interstimulus interval (ISI) of 6 to 12 s (Fig. 1 ). There were three types of emotional clips that were positive, negative, or neutral in affective content. Eight clips of each emotion were presented in the full paradigm (24 total clips). Positive clips contained scenes of happiness/joy/general positive mood, while negative clips contained scenes of anger/fear/general negative mood. Positive and negative clips were taken from scenes of popular children's movies (e.g. Disney, DreamWorks) with G or PG ratings. Neutral clips were free of affective content (e.g. bird flying, flower blooming) and were taken from documentary style nature videos. Neutral clips were chosen to be relaxing in content. In order to control for style, characters, sound quality, and movie familiarity as much as possible between positive and negative clips, these 16 clips were taken from eight popular movies with each movie providing both a positive and negative clip. Two sets of clips were from live action movies (e.g. The Wizard of Oz), while the remaining six were from animated movies (e.g. The Lion King). Four sets of clips contained song (e.g. "Under the Sea" as Positive and "Poor Unfortunate Souls" as Negative from The Little Mermaid) while the remaining four contained only spoken script. The total time spent watching clips of each emotion was approximately equal (positive 5 4 min, 13 s; negative 5 4 min, 16 s; and neutral 5 3 min, 57 s). In order to minimize consistent carryover of emotional content (i.e. regulation of fear from the previous negative clip occurring while a participant is watching the following positive or neutral clip), three different KidVid task orders were created based on randomized video orders and assigned to participants randomly.
To further ensure that positive and negative clips were as comparable as possible in social variables unrelated to emotional content, each positive and negative clip was coded second by second for whether or not a face was present on the screen (ability to distinguish a partial eye, nose, and mouth was scored 1 and absence of facial features was scored 0). The emotional valence of each video was also coded second by second, with seconds of positive emotion (i.e., smiles, cheering, warm embrace, exclamations of joy, or excitement) receiving a score of 1, seconds of negative emotion (i.e. containing elements of anger, physical or verbal outbursts, sadness, fearfulness, pain, or In an attempt to ensure approximately equal familiarity with video clips between child and adult subjects, the eight chosen movies (each providing one positive and one negative clip) had not been newly released (i.e. "classics"). Release dates spanned from 1939 to 2011 (all child scans occurred in 2015) and included some movies that had been released during the childhood of the adult subjects. As a manipulation check we asked subjects or the parent/ guardian of child subjects to characterize their own/their child's familiarity with each movie based on the scale of "never seen it (0)," "seen only parts (1)," "has seen once or twice (2)," or "watches often (3)." Parents were allowed to confer with their children in the event that they were not sure. As expected, adult and child subjects did not differ in total familiarity score [t (57) 5 20.15, P 5 0.89] or average familiarity score [t (57) 5 0.27, P 5 0.79]. Given no difference in movie familiarity between groups, we did not pursue this variable further.
Prior to fMRI participation, participants completed a mock scanning session as outlined by Perlman [2012] . During this mock scanning session, participants were trained to remain motionless using a head movement monitoring system with online visual and auditory feedback. Participants also completed a short practice version of the KidVid task that contained emotional positive, negative, and neutral movie clips, but did not include any of the clips or any clips from the same movies that would be presented to them during the main portion of the experiment.
During fMRI participation, participants were accompanied into the scanner by a trained research assistant in order to aid in subject comfort and to monitor movement [Perlman, 2012] . A second research assistant spoke to subjects via a microphone for the purpose of relaying instructions. Participants were instructed to remain motionless during the KidVid task and to "watch the movies as they normally would." They were given no further instructions regarding the emotional content of the videos. A short quiz of 16 questions was administered following the scanning session in order to ensure attention to the task. This quiz showed a single still frame from a video clip; either one that was shown to the participants or a decoy image. Participants were asked whether or not the still frame was from a clip that they had watched. Accuracy was high (adult mean 5 92.9%/SD 5 7.9%, child mean 5 97.9%/ SD 5 3.3%).
Data Acquisition
Neuroimaging data were collected using a 3.0 T Siemens Trio MRI scanner and a custom 12-channel parallel receive coil. Blood oxygen-level dependent (BOLD) images covering 30 sagittal left-to-right slices (whole brain excluding a portion of the middle/superior temporal cortex from both hemispheres) TR 5 2,000 ms, TE 5 30 ms, flip angle (FA) 5 908, FOV 5 256 mm, matrix size 64 3 64, voxel size5 4 3 4 3 4 mm were acquired with a gradient echo EPI (echo-planar imaging) sequence for 17:6 min:s (510 successive brain volumes). Structural three-dimensional MPRAGE (magnetization prepared rapid acquisition gradient echo) images were acquired in the same session in 5:53 min:s (FOV 5 256 mm, matrix 5 256 3 256, 1 mm isotropic voxel, TR/TI/TE 5 2,530/1,100/3.44 ms, FA 5 78). There were 175 sagittal left-to-right slices (whole brain) acquired. Total scan time was under 30 min. No scanner side processing was performed. Stabilization scans were acquired and discarded by the scanner.
Luminance
We calculated luminance using the following formula: luminance 5 0.213 3 red 1 0.715 3 green 1 0.072 3 blue [Jackson and Sirois, 2009; Poynton, 2003 ]. The following steps were implemented in MatLab (MATLAB and Statistics Toolbox Release 2016b; The MathWorks, Inc., Natick, MA). After calculating luminance frame-by-frame using a custom script, we resampled using the "downsample" function in MatLab, and then smoothed using a moving average filter. This ensured that the number of luminance values was equal to the number of functional volumes (510). This was done for all three task order versions.
Structural Processing
All structural processing was performed in statistical parametric mapping (SPM 12) [Friston, 2007] . MPRAGE (henceforth structural) images were first segmented using SPM's unified segmentation/normalization procedure with default parameters. The method utilizes six tissue priors to determine the classification of each voxel and normalizes (coregisters to a standard template: Montreal Neurological Institute or MNI template). This outputs a deformation field that can be used to normalize other images to MNI space. This procedure also performs a light regularization to correct for smooth, spatially varying artifact that modulates the image (bias correction). Brain extraction was performed by thresholding gray, white, and cerebrospinal fluid tissue maps with a 0.1 probability threshold, adding them, and then performing image filling (fills small holes) and image closing (further closes small holes in mask) in
MatLab. This is applied to the structural image. Structural images were then interpolated (fourth degree B-spline) into the standard functional space and a single average image was generated (using only the children data) for the purpose of overlaying functional results.
Functional Processing
All preprocessing of BOLD scans (henceforth functional scans) were performed in SPM12. Functional scans were first slice-time corrected (temporal middle slice as reference with fourth degree B-spline interpolation), and then motioncorrected using a rigid transformation (mean as reference, mutual information as the similarity metric, and fourth degree B-spline interpolation). The mean functional scan was used to calculate a transformation matrix between the functional space to the structural space via an affine coregistration procedure (with normalized mutual information similarity metric and no interpolation as this is applied in conjunction with the normalization). The deformation field was used to normalize all functional images to MNI space (2 mm isotropic resolution with fourth degree B-spline interpolation). Functional images were then smoothed using a full-width at half-maximum (FWHM) of 8 mm. Six child participants demonstrated excessive motion (greater than 3 mm) and were excluded from further analyses. Thus, the final sample left n 5 30 children and n 5 21 adults.
General Linear Model (GLM)
A mass univariate analysis was conducted for each subject, which modeled (voxel-wise) the preprocessed functional images as a function of the three blocks (positive, negative, and neutral) convolved with the canonical hemodynamic response function (hrf) with no time or parametric modulation, and movement regressors. We employed a high pass filter of 1/128 Hz (to account for slow drift) as well as an auto-regressive [or AR(1)] filter to account for serial correlations in the fMRI data (due to aliased biorhythms and unmodeled neural data). Baseline was not explicitly modeled (i.e. rest blocks were not modeled). We then computed five contrasts: positive, negative, and neutral, as well as positive minus neutral and negative minus neutral which indicate the effect of positive and negative movies, respectively, while accounting for neutral blocks (presumptively mostly visual).
We also conducted a series of analyses that computed the same contrasts while adjusting for luminance. For each participant, luminance was added as a covariate and the contrasts were computed again.
Statistical Analysis
The following analyses were performed to test for the: (1) main effect of the task in adults and children; (2) group differences; (3) association with age; (4) association with temperament as well as testing for the interaction between age and temperament. Main effect: we performed four paired t-tests to investigate the areas that were significantly activated by the negative and positive contrasts relative to neutral contrast in adults and children. Group differences: we performed two-sample t-tests of the differences (two-way with two groups and two contrasts), which tested for group (adult/child) by contrast differences (positive/negative vs. neutral) [i.e., independent t-tests between groups of the following differences: positive-neutral and negative-neutral]. Association with age: in the children only, we performed two regressions that tested the association between ages in months and positive-neutral or negative-neutral contrasts. Association with temperament: in the children only, we performed two regressions that tested the association between irritability (CBQ anger/frustration) and anxiety (CBQ fear) independently and positive-neutral or negative-neutral contrasts. Age and CBQ anger/frustration were significantly correlated [r (28) 5 20.39, P < 0.05], however, age and CBQ fear [r (28) 5 0.07, P 5 0.684] as well as CBQ fear and CBQ anger/frustration [r (28) 5 20.17, P 5 0.375] were not significantly correlated. We further investigated if the interaction between age and temperament (in both analyses) was significant. Luminance: we subsequently performed these same analyses with the contrasts that adjusted for luminance.
We used an average child participant template in MNI space to overlay all brain images, which were generated using xjView (http://www.alivelearn.net/xjview). Plots utilize violin plots that show the histogram of all voxelwise data to properly highlight differences between groups within clusters. Scatter plots show each individual participants variance with differing sized markers on the plots (i.e. greater variance -larger marker on plot). Finally, regions of interest that are plotted are a combination of the group functional analysis as well as being divided structurally using the automated anatomic labeling (AAL) atlas [Tzourio-Mazoyer et al., 2002] .
Controlling for Multiple Comparisons
In response to recent literature that suggests that parametric approaches for controlling for multiple comparisons are insufficient [Eklund et al., 2016] , we used statistical nonparametric mapping (SnPM) to perform all group statistical analyses [Nichols and Holmes, 2002] . All analyses utilized permutation testing (5,000 permutations) and used a cluster-forming threshold of P < 0.005. Cluster-wise multiple comparisons correction (using random field theory approaches) was done to control for family wise error (FWE) at a < 0.05.
RESULTS

Main Effect
Both groups significantly activated a wide range of regions during the negative and positive clips relative to r Karim and Perlman r r 5312 r the neutral clips. Supporting Information Figure 1 shows areas significantly activated by both groups and Supporting Information tables I to IV characterize each of these activations. Adults negative-neutral (Supporting Information Table I ): adults showed significantly greater activation during negative clips (relative to neutral clips) in a large set of regions including bilateral hippocampus/parahippocampus, thalamus, visual cortex Group (adult and child) by condition (negative and neutral) differences (images overlaid on the average child structural brain) tested using a two-sample t-test of the differences between conditions. All clusters passed a permutation cluster-wise inference correction to pFWE < 0.05. Colors of the color bar indicate the effect (t-statistic) that the difference in the negative condition relative to the neutral condition was greater in the child compared to the adult group (i.e. there are group by condition interactions). We have plotted the voxel-wise data (b value) using violin plots, which show a histogram (mirrored on vertical axis), for a set of relevant regions of interest for child and adult groups and across all three conditions (neutral, negative, and positive, which are cyan, magenta, and green, respectively). Group (adult and child) by condition (positive and neutral) differences (average child structural) tested using a two-sample ttest of the differences between conditions. All clusters passed a permutation cluster-wise inference correction to pFWE < 0.05. Colors of the color bar indicate the effect (t-statistic) that the difference in the positive condition relative to the neutral condition was greater in the child compared to the adult group (i.e. there are group by condition interactions). We have plotted the voxel-wise data (b value) using violin plots, which show a histogram (mirrored on vertical axis), for a set of relevant regions of interest for child and adult groups and across all three conditions (neutral, negative, and positive, which are cyan, magenta, and green, respectively). The three lines indicate the 25th, 50th, and 75th percentiles of the histogram. The dotted black line shows the zero line. [Color figure can be viewed at wileyonlinelibrary.com] r Karim and Perlman r r 5314 r adults showed significantly greater activation during positive clips compared to neutral clips in the bilateral middle occipital and middle/superior temporal, as well as right fusiform, inferior occipital, inferior temporal.
Child negative-neutral (Supporting Information Table  III) : the child group showed significantly greater activation during the negative (relative to the neutral) clips in bilateral amygdala, hippocampus, parahippocampus, thalamus, For the first two analyses, children showed greater activations during both tasks. The analysis, hemisphere, region description (AAL template), associated BA (Brodmann area), number of voxels in subcluster, maximum t-statistic in that cluster, and the MNI location of the max are indicated. L, left; R, right; BA, Brodmann area.
r Neurodevelopmental Maturation of Emotion r r 5315 r visual cortex (inferior/middle/superior occipital, lingual, calcarine, right cuneus/angular), temporal cortex (inferior/middle/superior temporal, Heschl), insula, fusiform, and supramarginal, as well as a large set of cerebellar regions (anterior/posterior lobes covering declive, pyramis, tonsil, uvula, and vermis). Child positive-neutral (Supporting Information Table IV) : a similar set of regions was activated (to a lower extent and level) as the negativeneutral contrast.
Group Differences
We found that the child group more greatly activated during both the negative and positive clips (relative to neutral) than the adult group (no reverse effects). Adultchild negative-neutral: during the negative (relative to neutral) clips, the child group more significantly activated in right hippocampus, parahippocampus, thalamus, visual cortex (angular, calcarine, lingual), inferior/middle temporal, fusiform, and cerebellum declive ( Fig. 2 and Table I , top). Adult-child positive-neutral: during the positive (relative to neutral) clips, the child group more significantly activated in the right hippocampus, parahippocampus, thalamus, caudate, anterior cingulate, orbital frontal, superior frontal and superior medial frontal, visual cortex (angular, calcarine, inferior/middle occipital, lingual, precuneus), fusiform, inferior/middle/superior temporal, and cerebellum declive (Fig. 3 and Table I , middle).
Child Main Effects and Age by Temperament Interaction
We found no significant association between age and either the negative-neutral or positive-neutral contrast. We also found no direct association between irritable temperament and either contrast or between anxious temperament and either contrast.
We did, however, find that there was a significant association between the interaction of age and irritable temperament and the negative-neutral (but not positive-neutral) contrast. Due to the negative correlation between age and CBQ anger/frustration [r (28) 5 0.39, P < 0.05], we investigated the variance inflation factor of these variables. It was found to be less than 10, which suggests that the variables are not collinear and satisfies the assumption of multicollinearity in regression [Stine, 1995] . We found that the bilateral brainstem (medulla) and left caudate, putamen, thalamus, middle frontal, superior frontal, superior medial frontal, and cerebellum declive/pyramis were significantly associated with the interaction term (Fig. 4 and Table I, bottom). We plotted CBQ anger/frustration with the mean activation over the entire set of voxels (3,516 voxels) to show this association (Fig. 4) . We found that the direction of this association (regardless of voxel) was always the same and only differed in effect (thus we have plotted only the mean across all voxels rather than any cluster individually). Subjects highest in irritability demonstrated increasing activation as a function of age while subjects lowest in irritability demonstrated a stable to decreasing level of irritability as a function of age. We did not find a significant association between age and anxious temperament for any contrast.
Effect of Luminance
As luminance plays a large part on the effect of the degree a scene is positive or negative, we conducted Association (in child group only) between negative minus neutral contrast and the interaction between age (in months) and irritability (images overlaid on the average child structural brain). All clusters passed a permutation cluster-wise inference correction to pFWE < 0.05. Colors of the color bar indicate the t-statistic of the association. The plot shows the association between age (in months) and the mean fMRI activation (extracted negativeneutral contrast values). The size of the markers is proportional to the individual standard deviation for that subject (across the large set of voxels). The range of standard deviation was low [0.12 to 0.30]. Although the interaction was calculated dimensionally, the upper range of irritable temperament (75th percentile) was used to split the participants into two groups to plot two least squares fit lines for visualization purposes only. Note that values of the fMRI activation above zero indicate areas where negative was more greatly activated than neutral and vice versa.
[Color figure can be viewed at wileyonlinelibrary.com] r Karim and Perlman r r 5316 r further analyses to adjust for luminance. We conducted all participant level contrasts while adjusting for luminance (including luminance as a covariate). We then conducted our group analyses to investigate the effects of luminance. We found that luminance did not affect the main effects of the tasks (activating the same areas only with small changes in t-statistic). We also found that it changed the extent of the clusters found in the group differences analyses (as well as small changes in the t-statistic). We found that the association with the interaction term age and irritability no longer significantly associated with the negative-neutral contrast; however the effect in these regions still remained at a nonsignificant level.
DISCUSSION
In a group of healthy children (ages 4-12) and an adult comparison sample, we investigated developmental change in the neural circuitry underlying emotional reactivity and regulation during natural viewing of popular children's movies. The first main goal of our study was to compare adults to children on activation of the neural systems supporting reactivity to negative and positive emotional stimuli. When comparing children to adults, we found increased child activation mainly in the subcortical regions of the hippocampus and thalamus, but also in the fusiform gyrus, when viewing negative video clips. Additionally, during viewing of positive video clips, children demonstrated more activation in the caudate, but also additional frontal regions, such as the superior and medial frontal gyri and anterior cingulate cortex (ACC), compared to adults. These findings, particularly in the negative stimuli case, support behavior widely observed in a scientific [Campos et al., 1989; Camras and Allison, 1985; Chung and Thomson, 1995; De Sonneville et al., 2002] and personal context noting that children are generally more overtly reactive to emotion-inducing events than adults. In our data set, it seems as though negative film clips evoked the most salient subcortical response in children, whereas during positive film clips differential, and more rewardrelated [Hikosaka et al., 1989; Knutson et al., 2001] , subcortical responses were observed. Additionally, when viewing positive emotional clips, children demonstrated increased activation of frontal, cortical regions. There were no child/ adult differences in frontal cortex activation during negative emotion, but, consistent with reports of increasing connectivity of prefrontal to subcortical regions during negative emotion Perlman and Pelphrey, 2010, 2011] , there was some evidence of changing frontal activation patterns when taking irritable temperament into account in children.
When examining developmental change across children, we found that there were no regions that consistently changed their activation patterns as a function of age, nor as a function of temperament. This was unexpected, however, an age by temperament interaction was found in the caudate and middle/superior frontal gyri during viewing of negative clips. This finding points to a complex interaction whereby developmental changes in the neural systems supporting negative emotion regulation may depend upon variability in a specific domain of temperament. Further, our analyses examining the effects of luminance found that luminance has a large effect on the association between age and irritability. Thus, it seems that an additional contribution to the literature resulting from our investigation may be that a large portion of a child's reactivity to emotional movies is encoded in the lighting that is used to set the affective tone of a scene. It may also be possible that children highest in irritability have greater sensory sensitivity than their low irritability counterparts. Primary results are consistent with previous functional near-infrared spectroscopy (fNIRS) work [Grabell et al., 2017; Perlman et al., 2014a] indicating that preschool children highest in irritability, but still functioning within a typically-developing range, display increased activation of the superior frontal gyrus compared to their nonirritable counterparts. This finding, however, replicates those prefrontal cortical findings (i.e. the superior frontal gyri) and extends previous work in that it uses fMRI, which allowed us to find similar effects in the caudate, putamen, and thalamus. It also points to a maturational window in which children highest in irritability may develop increased use of both the cortical and subcortical set of regions as more complex emotion regulation skills are required. Moreover, this replication and extension occurred in a nongoal directed context, indicating that neural activation in the context of laboratory induced frustration may be similar to that evoked while the brain is in a naturalistic, rest-like state. One remaining question is whether or not the relationship between cortical and subcortical activation would remain constant beyond the age of 12 or whether the mature development of cognitive functioning would allow the cortical activation to exert control over subcortical reactivity beyond the role of temperament (i.e. a potential change in the negative-positive direction of activation in subcortical-cortical coupling). The observed lower levels of reactivity to emotional stimuli in adolescence and adulthood indicate that this would be a question ripe for further investigation.
Although previous investigations into the neural underpinnings of temperament, both in the anxious [Fox et al., 2005; Guyer et al., 2006; Perez-Edgar et al., 2007; Perlman and Pelphrey, 2010; Schwartz et al., 2003 ] and irritable [Deveney et al., 2013; Grabell et al., 2017; Perlman et al., 2014a Perlman et al., , 2015 domains demonstrate distinct patterns of activation during negative emotion, our study only found this effect when examining the irritable domain. We propose two possible reasons for this unique finding. First, the negative video clips were not isolated to a specific emotion and contained instances of sadness, fear, and anger. The anxious temperament literature has largely focused on instances of fear or threat, finding differences in behaviorally r Neurodevelopmental Maturation of Emotion r r 5317 r inhibited children during processing of fearful faces and subjective internal ratings of fear [Perez-Edgar et al., 2007] or processing of angry faces, thought to evoke a threat response [P erez-Edgar et al., 2010 [P erez-Edgar et al., , 2011 . Thus, it is possible that the chosen video clips did not contain sufficient or prolonged instances of fear/threat to evoke differential response related to anxious temperament. Indeed, children high in irritability may be more reactive to general negative emotion than a specific type of affective negativity. This effect has been observed previously in labeling of emotional facial expressions . Second, the literature investigating the neural underpinnings of anxious temperament in humans and primates has generally centered upon the amygdala as a region of interest [Blackford et al., 2009 [Blackford et al., , 2011 [Blackford et al., , 2014 Fox et al., 2008; Oler et al., 2010; Perez-Edgar et al., 2007] , whereas the literature investigating irritability has often focused upon frontal cortical regions and the sub-cortical striatum [Deveney et al., 2013; Perlman et al., 2014a Perlman et al., , 2015 . It may be possible that 30-s video clips, fluctuating in type and level of negative emotion, are not effective stimuli for eliciting the rapid response of the amygdala or that the sustained duration of the stimuli may have habituated the regional response. Indeed, the amygdala has been shown to habituate at a rapid rate in the human and primate literature [Bordi et al., 1993; Bordi and LeDoux, 1992; Breiter et al., 1996; Fischer et al., 2003 ]. Although there have been studies linking differing striatal response to variability in the anxious temperament domain [Guyer et al., 2006] , these studies have largely focused on positive reinforcement through monetary reward tasks, which was not the case in this study.
We propose that the seminaturalistic approach employed in this investigation approximates how children and adults might process dynamic and interconnected emotional information in their social environment. As proposed by Hasson and Honey [2012] , multidimensional and realistic approach to experimental design is highly complementary to traditional isolated and controlled approaches in that it (a) provides an element of ecological validity to human information processing, which is the ultimate goal of scientific understanding, and (b) it better allows us to probe how the brain can accumulate information over long and complex time scales. Thus, it is possible that this more naturalistic approach, which is generally more entertaining to children than the traditional 1,000 to 2,000 ms stimulus presentation during event-related design methodology, might shed light on further complex interactions in child neurodevelopment or even provide clues as to nonnormative, psychopathological development not always observable from overt behavior. Recently, Pantelis et al. [2015] found that when watching a single episode of the sitcom "The Office," activation in regions of the superior temporal sulcus (STS) and temporoparietal junction (TPJ) fluctuated as a function of the time course of a "social awkwardness" variable, previously categorized by independent raters. These fluctuations were less tied to the social awkwardness variable time course in subjects with high functioning autism spectrum disorders (ASD), pointing to potential use for this technique in identification and diagnosis of the disorder.
While we present novel and innovative data regarding the nature of emotional brain development as a function of temperament, limitations to our findings require attention. First, the overall sample of our study (30 children and 21 adults), while certainly a respectable size for early and middle childhood neuroimaging work, is small for a study spanning multiple ages. Thus, it is possible that our study was underpowered to detect important effects, especially considering the fact that our interaction effects were reduced when adjusting for video luminance. We do note that children were largely evenly distributed across ages and that all analyses were conducted by examining age in months as a continuous variable in order to allow for maximum variability, rather than reducing a continuous variable to categorical age bins. Second, we note that our measure of temperament was a measure that is typically used in 3-to 7-year-old samples. Although this was necessary to avoid comparison across multiple scales, and internal consistency was acceptable, the questionnaire may have measured temperament more reliably for younger than older children. Finally, it appears that for some brain regions in some of our findings, children had lower activation in response to neutral clips, thus it is important to note that, in some cases, hypo response to the nature videos, compared to adults, rather than hyper response to emotional videos, may have been driving the findings. We note that this is unlikely due to video familiarity, as nature videos were obscure and likely never viewed before while positive and negative clips were taken from the same movies and, thus, equally familiar to any single subject.
Our findings imply a neurodevelopmental progression across age in children who are highest in the irritable temperament domain. Irritability is noted in the literature as both a domain of temperament, but also a symptom that cuts across the boundaries of multiple disorders [Stringaris, 2011] . Thus, interest in the field has peaked at understanding the point at which elevated quantity of this symptom would cross the normal to abnormal threshold and how early in development that transition can be detected [Grabell et al., 2017; Wakschlag et al., 2007 Wakschlag et al., , 2015 . Although all child and adult subjects in the current study were psychologically healthy, we propose that the KidVid paradigm, or other paradigms similar in their naturalistic approach, might be used in future investigations of normative versus abnormal irritability either in fMRI form or in fNIRS, EEG, or eye-tracking techniques, which might be more accessible to research laboratories or psychiatric clinics and more appropriate for testing children below the age of 4 years.
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